In this work, we present a method for measuring the refractive index of liquids at cryogenic temperature by shearing interferometry. The method is self-calibrated and easy to use over the range from cryogenic to room temperature. We validated the accuracy of our approach by comparing the measured refractive index of liquid propane with data reported in the literature. Moreover, we measured the refractive indices of three as yet uncharacterized fluorinated liquids that are of great interest as immersion fluids in the field of cryogenic light microscopy. V C 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5043370
The refractive index is a fundamental property which is crucial for the development and characterization of optical systems. At room temperature, many different methods of measuring the refractive index of materials in solid and liquid states exist. At cryogenic temperature, on the other hand, only a few materials have been characterized and the refractive index tabulated.
1 This lack of knowledge has limited the development of cryogenic optical applications such as cryoimmersion microscopy, for which knowing the refractive index of the immersion fluid is crucial to correct spherical and chromatic aberrations. In recent years, different approaches for cryoimmersion microscopy have been implemented, [2] [3] [4] [5] but they all share the same limitation: the refractive index of the immersion fluid at the operating temperature is unknown and could be guessed only from the data available at RT. In our previous work, 5 we performed cryo-immersion microscopy at 133 K by using a water immersion objective, modified to work in cryo-conditions, in combination with the immersion fluid HFE 7200. The need to know whether the refractive index at 133 K of this liquid matches the refractive index of water at room temperature motived us to find a simple way of measuring the refractive index of liquids in cryo-conditions.
Despite a large number of methods available for measuring the refractive index at room temperature, only a few approaches have been applied at cryogenic temperature.
In 1937, Grosse and Linn 6,7 adapted an Abbe refractometer to work down to 190 K. In this method, the refractive index was estimated by measuring the critical angle (i.e., the total internal reflection angle) at the interface between the liquid under investigation and a prism of known refractive index. Using this system, they have been able to measure the temperature dependence of the refractive index of different fluids and liquefied gases. In the same year, Johns et al. 8, 9 measured the refractive index of cryogenic liquids using an evacuated cell immersed in the liquid under investigation. This method, also based on the measurement of the critical angle, allowed measuring the refractive index down to liquid Helium temperature.
More recently, measurements of the angle of deviation of a monochromatic beam refracted by a cryogenic liquid contained in a prism have been used. The refractive index of the cryogenic liquid contained in the prism was estimated using the angle of the prism and the measured angle of deviation of the beam. In the approach proposed by Smith, 10, 11 the prism containing the liquid was rotated up to minimize the displacement of the refracted monochromatic beam with respect to the incident beam (principle of the minimum deviation). The apparatus was designed to measure refractive indices of inert gases over the temperature range of 77 to 273 K and at pressures up to 100 atm. Wong and Anderson 12 instead used a fixed truncated prism with a laser beam incident normally on the prism. The cryostat containing the truncated prism has been used for refractive-index measurements of liquids in the temperature range of 130-260 K.
Interferometric methods have also been applied for measuring the refractive index at cryogenic temperature. Diller used a Fabry-Perot resonator 13 to measure the refractive index of liquid and gaseous hydrogen. The resonator placed inside a cryostat was immersed in hydrogen. The state of hydrogen was changed by varying both temperature (15-298 K) and pressure (up to 230 atm). Zhang et al. used a Mach-Zehnder interferometer 14 where the liquid under investigation was contained in a cell placed on one of the two arms of the interferometer. The cell was cooled to 77 K using liquid nitrogen.
Interferometric methods usually reach higher precision than any diffraction or critical angle based methods. On the other hand, they are differential methods, and the refractive index must be referred to a known medium, usually air or vacuum. 15 Most of the methods so far presented require complicated experimental setups where the optical parts are cooled at cryogenic temperature. Heating and cooling cycles between cryogenic and room temperature expose the optical parts to mechanical stress, which could lead to damage.
In this work, we report on the measurement of the refractive index of liquids at cryogenic temperature by using a shearing interferometric microscopy technique called Total Interference Contrast (TIC). In this technique, all the optical components are kept at room temperature, while the temperature of the liquid under observation varies between room and cryogenic temperatures. We used a commercially available system consisting of a TIC slider (ZEISS 1105-190 a reflector module (ZEISS C DIC/TIC ARC P&C) installed on an upright microscope (ZEISS Axio Scope.A1) equipped with a compact mercury light source (HPX 120, LEJ). The wavelength of the light source was selected using a bandpass filter with a central wavelength of 590 nm and a FWHM of 10 nm (THORLABS FB590-10).
The TIC generates interference between two laterally sheared and orthogonally polarized images of the same object. This technique is similar to Differential Interference Contrast (DIC) microscopy used to enhance contrast while imaging biological samples or to detect thin layers ($100 nm) otherwise invisible in light microscopy. The main difference is that TIC uses a wider splitting angle than DIC, allowing a wider separation of the two images. Figure 1 shows a general schematic of the TIC working principle. 16, 17 A Normaski prism splits the incident polarized light into two sheared orthogonally polarized beams which are focussed on the sample by the objective lens (ZEISS EC EPIPLAN 10Â/0.2 HD). The beams follow the reverse path, with a second passage through the prism, filtered by the analyzer, and reach the detector plane. The beams form two superimposed images of the sample surface, covered by the interference pattern generated by the difference in the optical path of the two beams induced by the prism. Under monochromatic illumination, the interference pattern shows a maximum every time the optical path difference is a multiple of k.
Figure 1(b) shows an example of the interference pattern generated by imaging a sample consisting of a gold coated silicon chip with a groove (1.5 6 0.1 lm in depth, 70 6 0.1 lm in width) in the middle [see Fig. 1(c) ]. The inter-fringe distance, labeled with a, is related to the path difference and remains invariant over the image. The interference pattern is shifted at the two steps by a distance, labeled with b, due to the optical path difference D ¼ 2n Â d, where d is the groove depth and n is the refractive index of the medium. The optical path difference D can also be expressed as a function of wavelength k, inter-fringe distance a, and shift b, yielding 18, 19 
where m is an integer number. As the shift b has a periodicity of k/2, the integer m can be determined by knowing n Â d with a precision within k/4. In order to measure the refractive index of liquids at temperatures ranging between room temperature and cryogenic temperature, the structured gold coated silicon chip was mounted inside a recess within a massive aluminum holder (see Fig. 2) . A small chamber closed with a thin microscope slide and an O-ring contained the liquid under investigation. The aluminum holder was cooled by immersing it into liquid nitrogen. A sensor PT-100 glued in close proximity of the silicon chip was used to monitor the temperature. Intermediate temperatures are reached letting the holder warm up through thermal exchange with the surrounding environment. The instantaneous temperature uniformity of the liquid in the chamber was assured by the relatively large mass of the aluminum holder. This is crucial for the reliability of the measurement, as a temperature gradient would affect the interference pattern and thus the final results of the refractive index measurement. 20 The refractive index of liquefied gases and cryogenic liquids that are also liquid at room-temperature could be measured. All liquids to be measured were first pre-cooled in a vial embedded in the aluminum holder. Image acquisition and temperature measurement were synchronized using Labview.
Every session of the measurement starts with the determination of the depth d with sub-nanometric precision by measuring at room temperature the optical path n Â d while flowing nitrogen gas (n ¼ 1.0003) into the system. The method was validated by measuring the refractive index of propane at temperatures below the boiling point of FIG. 1. (a) The refractive index is measured using a shearing interferometry technique known as Total Interference Contrast (TIC) microscopy that allows measuring the difference in the height and/or refractive index of the specimen. This method measures the optical path difference between two laterally shifted, orthogonally polarized images of the same object. As shown in the left part of the image, the illumination source is circularly polarized, and the split of the incident polarized light by a Normaski prism into two sheared orthogonal polarized beams that are focused on the sample under investigation is also shown. The two reflected beams are then recombined by the Normaski prism and filtered by a second polarizer called an analyzer. (b) Example of the interference pattern generated by imaging a sample consisting of a gold coated silicon chip with a groove in the middle. The inter-fringe distance is labeled with a, while b is the shift induced by the groove step. (c) Schematic of the golden coated silicon chip. The groove is 1.5 6 0.1 lm in depth and 70 6 0.1 lm in width. The dashed and full arrows show the difference in the optical path of the two orthogonal polarized beam.
FIG. 2.
Scheme of the TIC sample cryostage: the manifold is cooled by immersion in liquid nitrogen and equipped with two fluid reservoirs that act as a liquefaction chamber (RT gas) or a precooling chamber (RT liquid). The substance under investigation is pressure driven to the upper chamber, where our golden coated trench is placed. The temperature of the system is measured by a PT-100 placed close to the sample. 231 K. The refractive index shows a linear inverse dependence on the temperature, with a slope of À6.4 6 0.2 Â 10 À4 RIU/K, which is in good agreement with the data available in the literature for liquefied propane [red triangles in Fig. 3(a) ], 7 demonstrating the accuracy of the method. Furthermore, we measured the refractive index of three liquids of which the refractive index is known only at room temperature: the partially fluorinated methoxy-nonafluorobutane (3M TM HFE 7100) and ethoxy-nonafluorobutane (3M TM HFE 7200) and the fully fluorinated perfluorotripropylamine (3M TM FC 3283).
HFE 7200 and HFE 7100 have a pour point of 135 K and 138 K, respectively. We were able to measure the refractive index of the two liquids at temperatures down to 119 K because even below the pour point, they are transparent. The measured refractive indices at room temperature (n ¼ 1.282 6 0.003 at 298 K for HFE 7200 and n ¼ 1.269 6 0.003 at 296 K for HFE 7100) are in good agreement with the values calculated by Ando using the density functional theory (T ¼ 298 K, k ¼ 590 nm, HFE 7200 n ¼ 1.282, and HFE 7100 n ¼ 1.265). 21 The refractive indices of both the liquids show an inverse dependence on temperature with a slope of À4.38 6 0.03 Â 10 À4 RIU/K for HFE 7200 [red rhombi in Fig. 3(b) ] and À4.25 6 0.03 Â 10 À4 RIU/K for HFE 7100 [blue squares in Fig. 3(b) ]. The similarity between the two slopes is not surprising since the two liquids are chemically very similar. It is worth noticing that, for both HFE 7200 and HFE 7100, there are no changes in the linear behavior for temperatures below the liquid pour point, which would be expected in the presence of a phase change. 22 The refractive index of FC 3283 was measured in the range between room temperature and 223 K, which is the pour point of the liquid. Below this temperature, the liquid is not transparent, and it is not possible to measure the refractive index. The data plotted in Fig. 3(b) (green circles) show a linear inverse dependence of the refractive index on temperature with a slope of À3.8 6 0.1 Â 10 À4 RIU/K. The refractive index n ¼ 1.279 6 0.003 measured at 297 K is in agreement with the data reported in the literature. 23 Our results show that TIC microscopy can be exploited for measuring the refractive index of liquids and liquified gases at cryogenic temperature with a precision down to 3 Â 10 À3 RIU. Moreover, the results obtained by measuring the refractive index of HFE 7200, which we used in a previous work as immersion fluid for cryo-immersion microscopy at 133 K, 5 provide us important insights into the behavior of the optical system and will allow an improvement of the system. Future work will be devoted to improving the precision of the method and to measuring the refractive index of more liquids at different wavelengths. 
